In this study we evaluate the laser cleaning of tarnished pure and sterling silver substrates using a nanosecond Q-switched Nd:YAG laser at 1064, 532 and 266 nm. To assess the effects associated with cyclic laser cleaning treatments, several cycles of tarnishing followed by laser cleaning were applied on silver coupons that were characterized by gravimetry, colorimetry, scanning electron microscopy, X-ray photoelectron spectroscopy and micro-Raman spectroscopy. According to the obtained results, none of the three wavelengths is recommended for laser cleaning of pure silver objects, while for sterling silver artifacts, the visible laser wavelength of 532 nm seems the most appropriate.  Laser cleaning using Q-switched Nd:YAG laser at 532 nm seems the most appropriate for cleaning sterling silver objects.
Introduction
Historical artifacts located in museums and private collections are exposed to different atmospheres (exhibition halls, showcases, storage, packaging, etc.) which can contain various degradation agents that threaten their preservation. For metallic objects, corrosion is the main degradation phenomenon, caused by reaction of the metal with environmental humidity and pollutants, such as SO 2 , NO x , O 3 , reduced sulfur compounds (H 2 S, OCS) and volatile organic compounds (VOC) [1] [2] [3] .
Tarnishing (the formation of a thin colored corrosion layer) is the most common alteration mechanism of silver objects. It is produced by reduced sulfur gases, principally H 2 S, and other organic molecules from atmospheric pollution, such as carbonyl sulfide (OCS) and dimethyldisulfide ((CH 3 ) 2 S 2 ) [4] [5] [6] [7] [8] . Tarnishing is originated in the first stage by the reaction of the environmental oxygen with the silver surface forming a thin oxide film. Then, the presence of reduced sulfur species in the atmosphere can displace these oxides leading to the formation of silver sulfide (Ag 2 S).
Humidity, NO 2 , ozone and ultraviolet radiation can act as accelerators of the process [7, 9] . Relevant chemical reactions involved in the tarnishing mechanism are: 
Ag 2 S is a black compound and its formation on the silver surface produces a loss of the shine and a change of color to a dark appearance, what is unacceptable for an historic artifact [7] . Restoration treatments are applied to clean tarnished silver objects and to recover their original shiny metallic appearance. The cleaning procedures most frequently applied on historical silver objects are of mechanical, chemical and electrochemical nature [7] . Mechanical methods, mainly applied by using hand tools and abrasives, are the most frequent cleaning procedures, nevertheless they produce localized and uncontrolled mass loss leading to a fast re-tarnishing process [10] [11] [12] .
Chemical cleaning methods are less frequently used, although commercial products or thiourea acid solutions have been employed due to their fast cleaning effects. Thiourea acts as a fast chelating agent dissolving the tarnish layer. However this effect is not easily controlled and usually leave a completely heterogeneous surface which could retain residues from the cleaning solution [12, 13] .
Recently, lasers have been used for the removal of different corrosion layers, encrustations, and coatings on archaeological and historical metal objects [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The application of lasers in conservation faces the challenge to deal with some issues, among others the preservation of the original surface and the formation of unwanted laser induced alteration layers [26, 27] . Most of the previous studies have been focused on the laser irradiation effects, using different wavelengths and pulse duration, on the corrosion layer and on the underlying material after a single laser treatment [28] [29] [30] [31] [32] [33] [34] .
However, the effects associated with successive laser cleaning treatments on tarnished silver objects have not been addressed before. Real artifacts in museums and collections are repeatedly subjected to these cycles of natural tarnishing and cleaning treatments, so the study of the cumulative effect of any treatment is highly relevant for the long term preservation of these heritage substrates.
The aim of this study is to evaluate the effect of laser irradiation using nanosecond pulses of three different wavelengths at 1064, 532 and 266 nm on artificially tarnished pure and sterling silver coupons with the objective of determining the optimal laser conditions for the removal of the tarnish layers in a controlled manner and with the minimum damage to the underlying silver substrates. Sterling silver was studied as representative of a typical alloy used in historical silver objects. The most important aspect of the work presented here involves the evaluation of laser cleaning effects associated with cyclic tarnishing-laser cleaning treatments, by applying different cycles of artificial tarnishing followed by laser cleaning of the considered samples. As mentioned, the literature concerning this issue is quite scarce or non-existent. The laserinduced physical and chemical modifications on tarnished silver substrates were assessed using different techniques. Surface morphology and color variations were evaluated using scanning electron microscopy (SEM) and colorimetry, and chemical composition using micro-Raman spectroscopy and X-ray photoelectron spectroscopy (XPS).
Experimental

Samples
Coupons (2.0 x 1.0 x 0.1 cm 3 ) of pure silver (99.50 wt % of silver, 0.30 wt % of iron, [35] . The tarnish layer over the silver and sterling silver coupons presented a thickness up to 300 nm according to measurements carried out using SEM in cross-section preparations.
Laser irradiation
Laser cleaning tests were performed with a Q-switched (QS) Nd:YAG laser system (Quantel Brilliant B) that delivers pulses, at the fundamental wavelength of 1064 nm and its second and fourth harmonics at 532 and 266 nm, of 5 ns (Full Width at Half Maximum -FWHM) at a maximum repetition rate of 10 Hz. The laser beam profile is
Gaussian with a spot size diameter of 9 mm.
The fluence (energy per unit of surface) ablation thresholds at the different considered laser wavelengths were determined by identifying the energy at which damage (discoloration and/or material removal) is observed in the sample by inspection under the optical microscope after irradiation in air. The beam size considered for such calculations was determined by measuring the area of the print left on an unplasticized polyvinyl chloride (UPVC) sheet in a single pulse. The irradiations tests at 1064 and 532 nm were carried out through a rectangular mask of 4 x 6 mm 2 without focusing.
However, at 266 nm a cylindrical lens with a focal length of 150 mm was used to achieve a rectangular area of 2 x 6 mm 2 on the sample surface. Various conditions of energy per pulse were used. The pulse energy was measured by a power-meter (Gentec ED-200) and modified with a high energy variable dielectric attenuator (LaserOptik).
Once the discoloration/ablation fluence thresholds were determined for each system (both for the silver based metals and for tarnish layers), irradiated zones were prepared with fluence values in between the ablation threshold of the base metal and that of the tarnish layer. The changes generated on the tarnish layers can be due both to ablation processes and/or local annealing and melting of the tarnish layers [24] . [26, 33] , using pulses of 30 ns at 248 nm. For irradiation of the samples, the laser beam impinged perpendicularly onto the target surface which was placed on a motorized XYZ translation stage, where the Z axis is perpendicular to the sample surface. For irradiation at 1064 and 532 nm, the unfocused beam was directed onto the surface of the sample by the help of mirrors. At these two wavelengths, the pulses have enough energy to reach the required fluence for processing the considered samples. Irradiation was performed through a rectangular mask (4 x 6 mm 2 ), placed on the surface of the sample, to select the central part of the laser beam and by moving the sample along the direction of the smallest mask dimension. The scanning speed, and consequently the spatial overlap of successive pulses, was chosen to ensure the delivery of approximately 100 pulses on each point of the sample. After processing a rectangular area corresponding to the half area of the sample, this was moved in the transverse direction by steps of 5 mm, resulting in an overlap of 17 % with the previous processed area. To irradiate the whole sample, this operation was done on the two faces. For irradiation at 266 nm, the laser beam had to be focused to overcome the ablation thresholds for the corresponding tarnish layer. To that purpose, a cylindrical lens of 150 mm focal length was used to focus the beam down to 2 x 6 mm 2 . Again in this case, the whole surface of the sample was homogeneously irradiated by moving it along the smaller dimension of the laser spot. The chosen speed sample movement ensured irradiation at this wavelength with 100 pulses on each point of the sample surface.
Characterization techniques
Pure and sterling silver coupons were characterized before and after laser processing by different techniques such as gravimetry, colorimetry, scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and micro-Raman spectroscopy.
The mass variation was evaluated using a Mettler Toledo AT261 Delta Range Analytical Balance. Silver based coupons were weighed after each laser cleaning cycle to determine the mass loss. It was noted that the mass increase due to the tarnishing treatment could not be measured because it was lower than the resolution of the balance.
A Konica Minolta Portable spectrophotometer model 2500D, equipped with a mask of 8 mm of diameter, D65 illuminant (which corresponds to the average noon daylight from the northern sky [36] ) and at 10 degrees observer, served to measure the chromatic properties of the samples and specifically the changes induced by laser irradiation. Two spectra were acquired on each side of the coupon and averaged to obtain one data point with the chromatic information. The CIE-L*a*b* color space served to determine color shifts expressed in three coordinates. The chromatic coordinates a* and b* denote the red/green value (positive values shift to red, negative values shift to green), and the yellow/blue value (positive values shift to yellow, negative values shift to blue) respectively [37, 38] . The variation of chromatic coordinates after the tarnishing-laser cleaning treatments, Δa* and Δb*, was evaluated by:
On the other hand the re-tarnishing effect was evaluated by the change of lightness value after each tarnishing cycle:
Scanning electron micrographs (SEM) were obtained using the secondary electrons detector of a Hitachi S-4800 microscope, equipped with a cold-cathode field emission electron gun and an Oxford INCA system for energy dispersive X-ray spectrometry microanalysis (EDX).
XPS spectra were recorded using a Fisons MT500 spectrometer fitted with a hemispherical electron analyser (CLAM2) and a non-monochromatic Mg Kα X-Ray source operated at 300 W (1253.6 eV). The samples were fixed on small flat discs supported on an XYZ manipulator placed in the analysis chamber. The residual pressure in this ion-pumped analysis chamber was maintained below 10 -9 Torr during data acquisition. The spectra were recorded at take-off angles of 90º and pass energy of 20 eV, which is typical of high-resolution conditions. The intensities were estimated by calculating the area under each peak after subtraction of the S-shaped background and fitting the experimental curve to a combination of Lorentzian and Gaussian fits of variable proportions. Although specimen charging was observed, it was possible to determine accurate binding energies (BE) by referencing to the adventitious C 1s peak at 285.0 eV with accuracy to ± 0.2 eV. The atomic ratios were computed from the peak intensity ratios and the reported atomic sensitivity factors [39] . Laser cleaning efficiency (%) was calculated by:
where % S denotes the atomic percentage of S 2- , S-S and SO 4 2-peaks, analyzed by XPS.
Analysis by micro-Raman spectroscopy was carried out with a Renishaw InVia 0310-02 system, equipped with a Leica microscope, and an electrically refrigerated chargecoupled device (CCD) camera. The excitation source was a diode laser operating at 785 nm. Low laser powers of 3 mW were used to avoid damage of the analyzed material. Spectral acquisition was performed at room temperature using a focused beam on a randomly oriented sample. The diameter of the laser spot on the sample was diffraction limited by the objective (×50) lens and calculated to be 2 µm. The depth of the Raman probe was nominally 5 µm, although the depth reached could be influenced by the optical properties of the coupons and tarnish layers at the given laser excitation wavelength. For each spectrum, two scans were collected and summed up over the 100-1000 cm -1 Raman shift range to provide good signal to noise ratios. The wavenumber resolution and acquisition time are 2 cm -1 and 10 s respectively.
Results
Mass variation
The ideal cleaning procedure should be able to remove the tarnish layers without causing the loss of a significant amount of the base metal. Nevertheless, it was observed that the laser cleaning treatments applied in this work induced a progressive mass depletion. We consider that the mass loss is attributed to the effect of laser irradiation on the silver based samples and not to a variation of the tarnish coating. The latter could not be measured (as mentioned in sub-section 2.3) because it is within the error limit of the balance.
Pure silver was found especially vulnerable to laser treatment because all coupons experienced mass depletion after two or more cleaning cycles (Fig. 1 a) . Laser irradiation at 1064 and 532 nm induced the highest loss of material by removal of over 3 mg/cm 2 of the base metal after applying six tarnishing-laser cleaning cycles. Laser irradiation at 266 nm removed around 0.6 mg/cm 2 for the same number of cycles (Fig. 1 a). Sterling silver was less vulnerable to laser cleaning according to the gravimetric measurements shown in Fig. 1 b. In this case, the mass variation was negligible for laser irradiation at 532 and 266 nm, whereas for 1064 nm a loss of 2 mg/cm 2 was induced after six tarnishing-laser cleaning cycles. sterling silver coupons at different laser wavelengths.
Morphological surface characterization
Pure and sterling silver coupons were examined by SEM after the first and sixth tarnishing-laser cleaning treatments to characterize the changes induced by laser irradiation upon cyclic tarnishing-laser cleaning treatments (Figs. 2 and 3 ).
Concerning the pure silver coupons, the first tarnishing-laser cleaning treatment caused the removal of most of the tarnish layer and the surface appeared partially melted with signs of scattered debris (Fig. 2 a-c) . After the sixth tarnishing-laser cleaning treatment, superficial alteration was observed at the three laser wavelengths used ( Fig. 2 d-f ). The surface of the coupons cleaned at 266 nm presented the most irregular morphology, while the surface treated at 1064 and 532 nm displayed a more homogeneous appearance. However in the case of sterling silver, after the first tarnishing-laser cleaning treatment, regardless of the wavelength used, the surface of the coupons remained unaltered with the exception of some melting in localized areas (Fig. 3 a-c) . After the sixth tarnishinglaser cleaning treatment small holes of about 1 µm diameter were observed to cover the treated area (Fig. 3 d-f ).
In all, it was observed that the sterling silver coupons were less altered by repetitive tarnishing-laser cleaning cycles than the pure silver ones. Both pure and sterling silver coupons treated at 1064 nm showed isolated and irregular cavities. 
Color variation
Color change is a relevant parameter to consider when dealing with heritage silver artifacts, since changes in their visual appearance motivates restoration treatments in more extent than mass loss or changes in structural properties induced by corrosion phenomena. To quantify the color changes after each tarnishing-laser cleaning cycle, colorimetric measurements were performed on the original and laser cleaned coupons (Fig. 4 a-d) . Laser treatment at 532 and 266 nm of pure silver coupons induces an inhomogeneous (as seen in large error bars) shift of color towards red (∆a* > 0) (Fig. 4 a) and towards blue upon irradiation at 1064 nm (∆a* and ∆b* < 0) (Fig. 4b) . For the sterling silver coupons, laser irradiation at 532 and 266 nm does not significantly discolor the substrate (Fig. 4 c) , while irradiation at 1064 nm leads to a shift towards blue (Fig. 4 c, d ). After repetitive tarnishing-laser cleaning cycles the gaseous sulfur compounds react differently with the silver coupons inducing changes in their luminosity. Hence, measurements of luminosity served to evaluate the re-tarnishing rate. Higher retarnishing was observed after the first tarnishing-laser cleaning cycle, both for pure and sterling silver coupons (Fig. 5 a, b) . However, this effect decreases after the second treatment and tends to zero upon laser irradiation at 532 and 266 nm for sterling silver (Fig. 5 b) , thus indicating a high stability of this material after laser cleaning at the mentioned laser wavelengths. 
X-ray Photoelectron Spectroscopy
The XPS spectra of tarnished pure silver coupons showed the presence of carbon, oxygen, silver and sulfur; additionally copper was observed for tarnished sterling silver coupons. For pure silver coupons, the high resolution spectrum of Ag 3d was fitted with a doublet (1.2 eV FWMH) at the BE values of 368.2 eV for the 3d 5/2 peak and 374.1 eV for the 3d 3/2 one (Fig. 6 a) . These peaks can be attributed to Ag, Ag 2 S and/or Ag 2 O, although they cannot be resolved because of their similar binding energies (368.2, 368.1 and 367.9 eV, respectively) [40, 41] . AgO peaks were also observed at lower BE values (367.4 eV), although the peaks appeared overlapped with satellite peaks from secondary (K α3 and K α4 ) emissions from the Mg X-ray anode. On the other hand, the S 2p spectrum showed a single doublet fitted by two peaks at BE values of 161.4 eV and 162.6 eV (Fig. 6 b) . They correspond to 2p 3/2 and 2p 1/2 components, respectively and are attributed to sulfide compounds [42] . The doublet observed at BE values of 168.64 and 169.84 eV (Fig. 6 b) can be assigned to sulfur species bonded to oxygen atoms, such as SO 4 2- . Silver coupons cleaned at 1064 nm, and after the first tarnish cycle, presented another doublet peak assigned to S-S (BE values of 163.18 and 164.38 eV).
The XPS spectrum of sterling silver showed the presence of peaks attributed to copper species in addition to those observed in the case of pure silver. The XPS spectrum of Cu 2p contains two peaks at 932.6 eV and 952.1 eV (Fig. 6 e) , corresponding to Cu 2p 3/2 and Cu 2p 1/2 , respectively and are characteristic of metallic Cu (0) and/or single ionized Cu (I). In order to obtain more details on the oxidation state of copper, the Cu L 3 M 45 M 45
Auger peak (Fig. 6 f) was analyzed. The calculation of the modified Auger parameter (α') was carried out according to equation 7 below, where BE p is the binding energy of the photoelectron peak (932.6 eV), BE a is the apparent binding energy of the Auger peak (916.63 eV), and hθ is the X-ray energy.
The value of α' was estimated in 1849.2 eV, indicating the presence of the single ionized Cu (I). On the other hand, the obtained BE values and modified Auger parameter do not allow to distinguish between Cu 2 O and Cu 2 S [40] . Before laser treatment the tarnished sterling silver coupons also present a single peak at a BE value of 934.98 eV which can be attributed to Cu 2+ species (Fig. 6 e) . In order to assess the surface alteration and laser cleaning efficiency, the atomic percentage of each observed element was calculated from the XPS spectra after tarnishing and after the first and the sixth tarnishing-laser cleaning cycles (Table 2 ). For pure silver before cleaning, the Ag/S ratio is 2.3:1, very close to the stoichiometry of the Ag 2 S, indicating that, in the outermost layer analyzed by XPS, the Ag peak at 368.2 eV can be attributed to silver sulfides. On the other side, the Ag/Cu/S ratios in the sterling silver (0.8:1.1:1) show a mixed composition of copper and silver sulfides. In pure silver coupons, the laser treatments at 1064 and 532 nm induced a decrease of sulfide content, especially after the first tarnishing-laser cleaning cycle (Table 2 ). For two of the treated pure silver coupons other sulfur species are present on their surface. In fact, after the first laser cleaning treatment at 1064 nm a 0.70 at. % of S-S was measured, while after the sixth tarnishing-laser cleaning cycle at 266 nm the measured value of SO 4 2-was 1.36
at. %.
Regarding sterling silver, the sulfide content decreased as a function of the number of tarnishing-laser cleaning cycles. On the other hand, at 1064 and 532 nm the content of S 2-slightly decreased after the first cycle, and down to ~5 at. % after the sixth cycle. At 266 nm the S 2-content decreased to ~8 at. % (Table 2) . Moreover, after the first cycle, the coupons treated at 1064 nm showed the appearance of 0.37 at. % of S-S based species. The content of copper (Cu 0 , Cu + ) decreased considerably after the sixth cycle, independently of the laser wavelength. The obtained results are presented in Table 3 , where it is observed that laser cleaning induces the partial removal of the sulfur based components in the tarnish layers on both pure and sterling silver coupons. On pure silver coupons, the laser cleaning efficiency decreases with the cumulative cycles at the three considered wavelengths. Furthermore, at 266 nm, the sulfur content after the sixth tarnishing-laser cleaning cycle was higher than the corresponding to the non treated sample (Table 2 ). This is due to the formation of more sulfur based species (sulfates), in addition to the tarnish layer remains.
Regarding the sterling silver coupons, the cleaning efficiency increases with the number of tarnishing-laser cleaning cycles. The samples cleaned at 1064 and 532 nm presented the highest cleaning efficiency after the sixth cycle of tarnishing-laser cleaning treatments (Table 3) .
Micro-Raman Spectroscopy
The micro-Raman spectrum of untarnished silver coupons (Fig. 7 a, b) consist of a broad band around 230 cm -1 which is assigned to the stretching bending modes of silver oxide (Ag 2 O) [43, 44] . The presence of this compound testifies the high tendency of silver to oxidation under ambient conditions. Laser irradiation of pure silver coupons at 532 and 266 nm induces a decrease of intensity of the Ag 2 O band, while a shoulder around 200 cm -1 , due to Ag lattice vibrational modes (i.e. phonons), increases.
However, irradiation at 1064 nm leads to a higher oxide content, as revealed by the increase of intensity of the related band. Concerning sterling silver, irradiation at the three wavelengths induces a decrease of intensity of the Ag 2 O band, indicating a similar removal rate of the Ag 2 O layer.
For pure silver, the first tarnishing-laser cleaning cycle (Fig. 7 c) results in the appearance of a couple of bands at 185 and 237 cm -1 that are assigned to the Ag-S stretching and bending vibrations modes of Ag 2 S, respectively [43, 44] . At 1064 nm, the Raman spectra reveal slight differences in the intensity of the Ag 2 S bands. However, irradiation at 532 and 266 nm leads to an appreciable decrease of their intensity, compatible with the efficient removal of the tarnish layer. The micro-Raman spectra of tarnished sterling silver coupons (Fig. 7 d) differ markedly from those of pure silver. In this case, a broad band around 242 cm -1 was observed. Independently of the wavelength used this band widens and shifts to 250 cm -1 .
After six tarnishing-laser cleaning cycles the micro-Raman spectra of pure and sterling silver coupons showed different behaviors ( Fig. 7 e, f). For pure silver, an extra band at 463 cm -1 , with a shoulder at 473 cm -1 (Fig. 7 e) , is observed. The band at 463 cm -1 is assigned to the O-S-O bending vibration. As the absence of bands at 964 or 970 cm -1 rules out the presence of Ag 2 SO 3 and Ag 2 SO 4 compounds respectively [44] , it is possible to assign the vibration at 463 cm -1 to cluster species composed of sulfur and oxygen atoms. The shoulder at 473 cm -1 corresponds to the vibrational modes of the S-S bond of S 8 (with orthorhombic crystal structure) [8, 45] . These bands at 463 and 473 cm -1 appear upon laser irradiation at 1064 and 266 nm (with higher intensity upon irradiation at 1064 nm). Besides, bands at 185 and 237 cm -1 , due to Ag 2 S, remain present after the first tarnishing-laser cleaning cycle. This indicates that irradiation at 1064 and 266 nm fails to completely remove the superficial Ag 2 S; on the contrary, even more Ag 2 S is formed, in accordance with the XPS results. Treatment at 532 nm using six tarnishing-laser cleaning cycles induces similar effects than those described for irradiation at 1064 and 266 nm, although in a less extent for the shoulder at 473 cm -1 and the significant decrease of intensity of Ag 2 S bands at 183 and 240 cm -1 . According to these results, it seems that none of the irradiation treatments applied to the pure silver coupons is effective for the removal of the artificial tarnish layer.
For sterling silver, the micro-Raman spectra acquired after the sixth tarnishing-laser cleaning cycle at 1064, 532 and 266 nm were markedly different (Fig. 7 f) . 
Discussion
Examination of the pure and sterling silver coupons after repetitive tarnishing-laser cleaning cycles has shown that the treatments induce different degrees of chemical and physical changes depending on the laser wavelength. These changes are summarized in Table 4 . The results obtained give evidence that most of the tarnish layer is removed after the first laser cleaning cycle of the artificially tarnished samples. Melted material and remains of the tarnish layer were observed on the underlying surface in few zones of the irradiated coupons. In addition, after each tarnishing-laser cleaning cycle a progressive mass depletion was observed. Regardless of the irradiation laser wavelength an alteration layer was observed on the surface of the coupons after six tarnishing-laser cleaning cycles. According to XPS and micro-Raman measurements, this alteration layer still contains traces of sulfur compounds, principally Ag 2 S. In fact, the tarnish layer is ablated, or locally annealed and melted, by laser irradiation and partially redeposits. Upon laser ablation two processes can participate in the material removal, with relative contributions depending on the irradiation wavelengths. The first one, of photothermal or/and photo-mechanical origin, should be favored using infrared wavelengths while the second one, of photo-chemical origin, prevails at visible and ultraviolet wavelengths. These two processes are followed by removal and partial re-deposition of the ablated/removed Ag 2 S material.
Pure and sterling silver coupons treated at 1064 nm experience the highest mass loss.
This suggest that photo-thermal effects, favored by infrared irradiation and the low value of the linear absorption coefficient of the tarnish layer in this spectral region [48] , are responsible of the high vaporization of material and low re-deposition on the surface. Previous studies [29] have reported similar melting/vaporization effects on the surface of silver based materials by irradiation at 1064 nm.
Besides the mass loss, color variation and chemical modifications were also observed in this study. In pure silver coupons, the laser cleaning treatment at 532 and 266 nm induced a shift of color towards red and a respective shift towards blue at 1064 nm. In sterling silver, irradiation at 1064 nm induced a shift towards blue, while at 532 and 266 nm, where the tarnish layers absorb better than at 1064 nm [48] , the color of the coupons was not altered (see section 3.3.). Formation of particles has been reported to accompany laser cleaning of tarnished copper coins, tarnished silver threads and archaeological iron [28, 49] . It has been suggested that these effects are due to vaporization and re-deposition of the metal. The nature of the observed color changes is directly related to the thickness of the re-deposited layer created by repetitive cycles of laser ablation. However, previous studies [16, 50] did not report any surface alterations when cleaning copper alloys using a Nd:YAG laser at 1064 nm with pulse duration in the microsecond regime. The use of these longer pulses is expected to increase the conduction of heat to the bulk material as compared with nanosecond pulses. The sterling silver coupons cleaned at 532 and 266 nm showed a similar behavior after successive tarnishing-laser cleaning cycles, which is compatible with reduced extent of laser-induced effects. The accompanying decrease of luminosity after the first tarnishing-laser cleaning treatment is due to the presence of oxidized species. Similar darkening was observed on Roman copper coins [51] , laser cleaned at 532 and 266 nm, effect that was attributed to further oxidation of Cu 2 O to CuO. However, in our case, XPS results (Table 2) do not show the formation of Cu 2+ compounds, and the color change also occurs in pure silver samples. Thus this explanation can be disregarded and the darkening can be attributed to the presence of Ag 2 S.
Re-tarnishing effects were assessed by measuring the differences of luminosity of the coupons before and after tarnishing of previously laser cleaned coupons. After successive laser cleaning cycles, sulfur compounds react differently with pure and sterling silver. High re-tarnishing effects were observed for pure silver coupons, as
shown by significant changes in surface luminosity upon exposure to the polluted environment. However, sterling silver coupons laser treated at 532 and 266 nm showed a slight variation of luminosity indicating a high stability of this material after repetitive cycles of treatment. A fast re-tarnishing effect was observed after mechanical and chemical cleaning of sterling silver substrates due to the high reactivity of cleaned surfaces to gaseous sulfur based species [12] .
For pure silver coupons the cleaning efficiency after the first tarnishing-laser cleaning cycle (Table 3) is better (40-60 %) than the corresponding to the sixth one (-5-20 %).
The calculated negative value reveals the increase of sulfur components after laser treatment. For sterling silver coupons the opposite is observed, with higher cleaning efficiencies after cumulative laser treatments, with better results at the wavelengths of 1064 and 532 nm.
XPS and micro-Raman analyses of the silver samples performed after successive laser cleaning treatments confirmed that the alteration layer is composed by cluster species of sulfur and oxygen and by re-deposited ablated Ag 2 S material. This behavior was more noticeable on pure silver coupons and on the sterling silver ones treated at 1064 nm.
These effects are in agreement with the mass loss detected by gravimetry, the color variation monitored by colorimetry and the alteration layer observed by SEM. Similar results have been observed on silver threads in textiles after laser cleaning at 1064 nm [28] . Laser irradiation of sterling silver coupons at 532 and 266 nm have shown an Similar results were observed by Buccolieri et al. [33] upon KrF laser cleaning of sterling silver objects that lead to the formation of new species on the surface. Laser cleaning upon irradiation at 532 nm seems to be the most efficient procedure for removal of tarnish layers. Then, according to the XPS and micro-Raman results, the visible laser wavelength at 532 nm appears as the most appropriate for laser cleaning of sterling silver coupons.
Conclusions
The results presented lead to conclude that the cleaning efficiency of silver artifacts using ns pulses of a Nd:YAG laser depends on the specific composition of the substrate and on the irradiation wavelength. After repetitive tarnishing-laser cleaning cycles, artificially tarnished pure silver coupons were especially vulnerable to the laser treatment; they experienced a significant loss of mass accompanied with the formation of colored alteration layers. The most important alteration was caused by irradiation at 1064 nm, which leads to the highest loss of mass and change of color towards a blue hue, due to the thermal effects induced by infrared irradiation. Sterling silver coupons maintained their mass and color upon repetitive laser cleaning treatments at 532 and 266
nm. The re-tarnishing effect was significant for pure silver coupons for all considered wavelengths; however, it was barely observed on sterling silver treated at 532 and 266
nm. XPS and micro-Raman spectroscopic measurements allowed the identification of the chemical species present on the silver coupons before and after laser irradiation.
After repetitive laser cleaning cycles, pure silver coupons revealed the presence of an alteration layer with high content in sulfur-based deposits, developed on the surface due to ablation and re-deposition of cluster species with S-S and O-S-O bonds. For sterling silver the content of these sulfur based species is negligible upon laser irradiation at 532
and 266 nm, and these compounds were not observed after the first tarnishing-laser cleaning cycle. The alteration effects induced upon laser irradiation on the silver based coupons are less important after the first tarnishing-laser cleaning cycle than after the sixth one. In view of the results of this study, it can be concluded that Q-switched Nd:YAG laser cleaning is not recommended for pure silver historical objects, while for sterling silver artifacts, the visible laser wavelength at 532 nm seems to be the most appropriate.
